The frontal eye field (FEF) participates in selecting the location of behaviorally relevant stimuli for guiding attention and eye movements. We simultaneously recorded local field potentials (LFPs) and spiking activity in the FEF of monkeys performing memory-guided saccade and covert visual search tasks. We compared visual latencies and the time course of spatially selective responses in LFPs and spiking activity. Consistent with the view that LFPs represent synaptic input, visual responses appeared first in the LFPs followed by visual responses in the spiking activity. However, spatially selective activity identifying the location of the target in the visual search array appeared in the spikes about 30 ms before it appeared in the LFPs. Because LFPs reflect dendritic input and spikes measure neuronal output in a local brain region, this temporal relationship suggests that spatial selection necessary for attention and eye movements is computed locally in FEF from spatially nonselective inputs.
INTRODUCTION
Visual spatial selection describes the process that guides visual attention (Serences and Yantis, 2006) and selectively couples perception to action (Allport, 1987) . Understanding the time course of this process is key to understanding the neural computations that underlie it. Typically, this question has been addressed by analyzing event-related brain potentials (ERPs) recorded from scalp electrodes in humans (Hillyard and AnlloVento, 1998; Luck et al., 2000) and neuronal spiking activity in behaving primates (Schall and Thompson, 1999) . In visual search studies, in which subjects are required to discriminate a target among distractors, human ERPs (Luck and Hillyard, 1994) and single units recorded in primate frontal eye field (FEF) (Sato et al., 2001 ; Thompson et al., 1996) , lateral intraparietal area (LIP) (Ipata et al., 2006; Thomas and Pare, 2007) , and superior colliculus (McPeek and Keller, 2002 ) exhibit an initial period of nonselective activation followed by a discrimination process that identifies the location of the target in the search array.
Local field potentials (LFPs) are electrical potentials recorded with an electrode positioned in the brain. The LFP signal represents the summed synaptic activity occurring near the tip of the electrode. It is a combined measure of local processing and synaptic inputs from other brain regions regardless of whether or not spikes are generated (Chen et al., 2007; Cruikshank et al., 2002; Juergens et al., 1999; Kaur et al., 2004; Kreiman et al., 2006; Logothetis and Wandell, 2004; Mitzdorf, 1985 Mitzdorf, , 1987 Nielsen et al., 2006) . In contrast, spiking activity represents the results of local neural processing and is the output signal from the neurons near the tip of the electrode. Although both LFPs and spiking activity have been used to measure the time course of spatial attention processes, the relationship between these neurophysiological signals is still unclear. Analysis of concurrently recorded LFP and spiking activity can shed light on how sensory representations in dendritic input are transformed into cognitive signals (Kreiman et al., 2006; Nielsen et al., 2006) .
The FEF is a brain area in monkeys and humans that participates in the visual spatial selection process (Awh et al., 2006; Pessoa et al., 2003; Schall and Thompson, 1999; Serences and Yantis, 2007) . The spatial selection process localizes behaviorally important objects in a complex visual scene and is necessary for guiding visual attention and goal-directed behaviors. In a previous report we showed that spiking activity in monkey FEF reflects the locus of spatial attention during covert visual search tasks in the absence of eye movements (Thompson et al., 2005b) . During the collection of these neuronal spiking data, LFPs were also recorded simultaneously from the same electrodes. The goals of this study were to determine whether LFP responses were spatially selective, and if so, to compare the time course and spatial tuning of the spatially selective signals in neuronal spiking activity with LFP responses.
We found that in the covert visual search task, both the LFPs and the spiking activity exhibited initial nonselective visual responses that evolved into significant spatial tuning in the time period before the monkeys' behavioral report. The directional tuning of the spatially selective responses in the visual search task matched the directional tuning of the visually evoked responses to a single visual stimulus in the memory-guided saccade task. Although the initial visual responses appeared first in the LFP signals in both tasks, the spatially selective responses in the visual search task appeared first in the spiking activity. These results suggest that during visual search, spatial selectivity is generated in FEF from spatially nonselective inputs.
RESULTS
Spiking activity and LFP responses were recorded concurrently on single electrodes inserted into the FEF of two monkeys in 43 separate recording sessions. The monkeys performed a memory-guided saccade task ( Figure 1A ) and one of two covert visual search tasks ( Figure 1B ). In the covert visual search tasks, the monkeys made a manual lever turn as the behavioral report. Monkey S was required to report the location of the singleton target in the search array (20 recording sites) and monkey C was required to report the orientation of the C among Os in the search array (23 recording sites). Single-neuron activity recorded with this task was described previously (Thompson et al., 2005b) . For this study we combined the activity from simultaneously recorded single neurons into a single representation of spiking activity at each recording site. The primary aim of this study was to compare the times that a spatially selective response first appeared in the LFPs with spikes in the covert visual search task. We refer to this time as the selection time. For the data collected at a recording site to be included in the study, there must have been measurable visual response onset latencies in both the LFPs and spikes, and a measurable selection time in the visual search task for either the LFP response or the spiking activity. In addition, the visual response latencies and selection times must have occurred before the average reaction time of the session. Over all sessions, lever turn reaction times averaged at 284 ms for monkey S and 297 ms for monkey C.
There were strong correlations between the directional tuning of the spatially selective responses in the LFPs and spikes within and across the visual search task and the memory-guided saccade task, which is consistent with a functional relationship between the LFPs and spikes (see Figure 8 below). But first we describe the results of the time course analysis, which is blind to the preferred target directions of the two signals.
Visual Response Latencies and Spatial Selection Times of LFPs and Spikes
The spiking activity and LFP signals recorded simultaneously at each recording site were analyzed using the same methods to obtain the visual response onset latencies and the time of spatial selection measured from the time of search array presentation. Figure 4 illustrate the analysis applied to the data collected from a single recording site in monkey S (see Experimental Procedures for details). Briefly, selection time was defined as the first time following visual stimulus presentation that the response differed significantly across target locations based on an analysis of variance (ANOVA) at each millisecond ( Figure 2 and Figure 3 ). In the memory-guided saccade task, spikes and LFPs exhibited initial responses that differed across target location. Therefore, for the memory-guided saccade task, selection time measures the initial visual response latency to a single stimulus. In the visual search task, however, a visual stimulus appears at all locations on every trial and the initial responses of spikes and LFPs did not vary with target position. Selection time in the visual search task, therefore, measures the first time that the response differentiates the target stimulus from the distractors. To get a measure of the visual response latency in the visual search task, we defined the visual latency as the first time following the visual search array presentation that the combined response across all trials differed from baseline (Figure 4) .
Even though visual response latencies were measured using different visual stimuli and measurement methods in the memory-guided saccade and visual search tasks, the temporal relationship between initial visual response latencies measured in LFPs and spikes was the same across the two tasks. The initial visual response occurred earlier in the LFPs than in the spikes. For the memory-guided saccade task, the average ± standard error (SE) selection time was 63.4 ± 3.2 ms for LFPs, and 72.8 ± 4.3 ms for spikes (paired t test: p < 0.001). For the visual search task, the average ± SE onset latency was 56.5 ± 2.4 ms for LFPs, and 71.8 ± 4.0 ms for spikes (p < 0.001). There were also strong correlations between the selection times obtained from the Tasks   ( A) The memory-guided saccade task. After the monkey fixated on a central spot, a peripheral stimulus identical to the fixation spot was flashed for 50 ms randomly at one of the six or eight locations matching the stimulus locations in the covert visual search task. After a delay, the fixation spot disappeared, and the monkey was rewarded for making a saccade to the remembered target location. (B) The covert visual search tasks. After the monkey grasped the lever in the vertical position, a small fixation cross appeared. After fixating the central cross, a search array appeared in which one of the stimuli was different. Monkey S was rewarded for turning the lever in the same direction as a differentcolored stimulus in relation to the fixation cross. Monkey C was rewarded for turning the lever in the same direction as the gap in the C target stimulus regardless of its location in the search array. The depiction of the lever at the bottom shows the correct behavioral responses for the example trials shown in the search displays. memory-guided saccade task and the visual response onset latencies obtained from the visual search task at each recording site (LFPs: r = 0.48, p = 0.001; spikes: r = 0.78, p < 0.001). Because we were interested in comparing visual onset times to spatial selection times in visual search, in this study we will focus mostly on results obtained in the visual search tasks.
Cumulative distributions of onset latencies and selection times measured in the visual search task are shown separately for the two monkeys in Figures 5A and 5B. Visual response latencies were obtained for the spiking activity and the LFP response from all 43 recording sites. For spiking activity, the average ± SE onset latency was 68.4 ± 3.5 ms for monkey S, and 74.7 ± 3.3 ms for monkey C. For the LFP response, the average ± SE onset latency was 53.6 ± 1.0 ms for monkey S, and 59.0 ± 0.9 ms for monkey C. An ANOVA that factored the monkey and response measure revealed a significant difference in response latencies between the two monkeys (p = 0.02), and between spiking activity and LFP response (p < 0.001) with no interaction between monkey and activity measure (p = 0.86).
Selection times in the visual search task were obtained for spiking activity from 38 (88.4%) recording sites and for the LFP response from all 43 recording sites. For spiking activity, the average selection time was 124.6 ± 5.1 ms for monkey S, and 113.0 ± 6.2 ms for monkey C. For the LFP response, the average selection time was 155.2 ± 6.3 ms for monkey S, and 133.3 ± 7.1 ms for monkey C. An ANOVA revealed a significant difference in the selection times in the visual search task between the two monkeys (p = 0.01), and between spiking activity and LFP response (p < 0.001) with no interaction between monkey and the activity measure (p = 0.43).
The differences in visual response latencies and selection times between the two monkeys may be due to individual differences or to the different visual stimuli used in two different visual search tasks in the two monkeys. It has previously been shown that a search for a gap in a C among Os is very easy (Treisman and Gormican, 1988) , and the visual system may be able to resolve a single gap in a circle faster than it can resolve a color difference in a search array. Nevertheless, the important result is the absence of significant interaction between monkeys performing different visual search tasks and the measured timing differences between LFPs and spikes. This means that in spite of the individual differences, the temporal relationships between LFPs and spikes were the same in the two monkeys.
To summarize the results across the population, we plotted the percentage of recording sites showing significant modulation at each millisecond following the presentation of the search array, and did so separately for monkey S ( Figure 5C ) and monkey C ( Figure 5D ). These continuous measures of significant modulation across the population are another way to visualize the timing differences across LFPs and spikes, and they validate the results obtained from the calculations of initial visual response onset latencies and spatial selection times. For both monkeys, significant visual responses are evident in the LFPs before the spikes and significant spatially selective responses are evident in the spikes before the LFPs. Because the relationships between spiking activity and LFP responses were the same for both monkeys, the data from the two monkeys are combined in the following analyses.
We compared the response latencies and selection times measured from the spiking activity with LFP responses recorded simultaneously at individual recording sites during the visual search task (Figures 6A and 6B) . Significant positive correlations between spiking activity and LFP responses for onset latencies (r = 0.46, p = 0.002) and for selection times (r = 0.51, p = 0.001) support the claim that spiking activity and LFP responses are related. Spiking activity and LFP response onset latencies for each recording site are plotted in Figure 6A , and selection times are plotted in Figure 6B . In both plots, the times from each site are sorted according to the time measured in the spiking activity, and a histogram shows the distribution of differences between the times obtained from the LFPs and spikes. For nearly all (41/43 = 95%) of the recording sites, the measured response onset latency was earlier in the LFP response than in the spiking activity. On average, the LFP visual response began 15.3 ± 2.2 ms earlier than the spike visual response. The visual latencies of the LFP responses varied less than the spike responses. As a consequence, the difference between visual onset latency measured in the spikes and in the LFP increased with increasing spike response latency. Nevertheless, even the recording sites with the earliest spike responses had LFP response latencies that were significantly earlier. For the quartile of recording sites with Figure S1 ). The points plot the average response within the time interval at each target location, and the error bars are the 95% confidence intervals. The parameters of the best-fit Gaussian curve from the memory-guided saccade task (left) are B = À4.59, R = À33.14, F = 43.05
, and T 4 = 59.24 ; and from the covert visual search task (right), they are B = 19.59, R = À16.33, F = 64.05 , and T 4 = 62.91 .
Neuron
Spatially Selective LFPs and Spikes in FEF the earliest spike visual response (range: 48-60 ms), the LFP visual response began on average 2.3 ± 0.7 ms earlier than the spike visual response (paired t test, p = 0.01). The earlier initial visual onsets in the LFP signal are consistent with the expected result that feedforward visual inputs in postsynaptic potentials precede the visually evoked spiking activity (Schroeder et al., 1998) . Selection times in the visual search tasks were obtained for the LFP response from all 43 sites and for spiking activity from 38 sites. For the 38 recording sites with selection times from both measures, selection times occurred later in the LFP response than in the spiking activity for 84% (32/38) of the recording sites, and differed, on average, by 24.7 ± 5.0 ms ( Figure 6B ). However, at ten recording sites, the spatial tuning of the LFP response and spiking activity differed by more than 40 of visual angle (see Figure 8B ); these are indicated in Figure 6B by the filled circles in the scatter plot and shaded bars in the histogram. It is possible that at these recording sites the LFP response and spiking activity were less related to each other than at the sites in which the spatial tuning of the two signals corresponds. When these ten sessions were removed from the analysis, the selection times occurred later in the LFP response than in the spiking activity at 93% (26/28) of the recording sites, and differed, on average, by 31.5 ± 5.1 ms.
We also compared the selection times for LFPs and spiking activity in the memory-guided saccade task ( Figure 6C ). Selection time in the memory-guided saccade task measures visual response latency because it identifies the first time that the responses differed across target locations for a single visual stimulus presented alone. It corresponds to the visual response latency measured in the covert visual search task, and across the recording sites the two measures were strongly correlated for both spikes (Pearson's r = 0.78, p < 0.001) and LFPs (r = 0.60, p < 0 001). Just like the visual response latencies measured in the visual search task (Figure 6A ), the selection times measured in the memory-guided saccade task were earlier (9.9 ± 2.5 ms) for LFPs than for spikes ( Figure 6C ). The similarity in the results across the tasks and analysis methods adds to our confidence in the accuracy of our timing measurements (also see Supplemental Data).
Relationship of LFP Visual Response Latency to Selection Times
Studies have shown that the earliest visual response latencies of LFPs recorded in dorsal stream areas of visual cortex are in (B) The p value (paired t test) at each millisecond that estimates the probability that the spiking activity is equal to the baseline activity (measured from À50 to 0 ms). The visual response latency was defined as the first time that the p value crossed p = 0.01 (horizontal dotted lines), but only if it continued past p = 0.001 and p < 0.01 for more than 20 of the next 25 ms. The spiking visual response latency in the covert visual search task at this recording site is 63 ms (black triangles and vertical dotted lines). (C) The average LFP signal across all trials. (D) The p value (paired t test) at each millisecond that estimates the probability that the LFP signal is equal to the baseline signal (measured from À50 to 0 ms). The LFP visual response latency is 53 ms. cortical layer 4, which corresponds to the feedforward projection of visual inputs (Chen et al., 2007; Schroeder et al., 1998) . We hypothesized that if the inputs to FEF from visual cortex were spatially selective, they would be evident first at the recording sites with the earliest LFP visual response latencies. Therefore, we examined whether LFP visual response latencies were related to times of spatial selection (Figure 7 ). It should be noted that this analysis does not establish the cortical layer of the recording sites, but it is motivated by the assumption that recording sites in FEF with earlier visually evoked LFP activity are functionally closer to the feedforward visual input from visual cortex. To visualize the data we plotted how the spike visual response latencies and selection times, and LFP selection times, changed with increasing LFP visual response latency (Figure 7) . For statistical analysis, the recording sites were divided into two groups based on LFP visual response latency measured in the visual search task. The sites with LFP visual response latencies between 48 Figure 6A . and 55 ms were assigned to the ''early'' group (n = 22), and sites with latencies between 56 and 67 ms to the ''late'' group (n = 21). The large symbols in Figure 7 indicate the average ± SE of each group. The spike visual response latencies differed significantly across the early groups (65.0 ± 3.3 ms) and late groups (79.0 ± 2.9 ms) (t test, p = 0.003). This is consistent with the result that LFP and spike visual latencies were positively correlated. LFP response selection times did not differ significantly between the early (145.4 ± 6.9 ms) and late (141.5 ± 7.6 ms) groups (p = 0.7). For the spiking activity, the selection times of the early (109.5 ± 4.7 ms) and late (126.3 ± 6.6 ms) groups were marginally different (p = 0.04). The surprising result was that the recording sites with the earliest LFP visual response latencies, and therefore those functionally closest to the feedforward visual input to FEF, exhibited the earliest spike selection times and the latest LFP selection times. The difference between spike and LFP selection times in the early group was highly significant (paired t test, p < 10 À5 ). For the late group, the difference between the LFP and spike selection times did not reach statistical significance (p = 0.07). We also divided the recording sessions into early and late groups based on the selection times measured in the data collected from the memory-guided saccade task, which were recorded in a separate block of trials in each session. Note that selection time for the memory-guided saccade data is determined using the exact same analysis method as for visual search data, but actually measures the visual onset latency to a single visual stimulus. The results were statistically identical to those shown in Figure 7 .
Comparison of Directional Tuning
The variation of spatially selective LFP and spiking responses with target direction in the memory-guided saccade and visual search tasks was characterized with Gaussian functions (Figure 2E and Figure 3E ). The spatial parameters of the best-fit Gaussian curves provide estimates of the preferred direction and spatial extent of the LFP and spiking response fields. Details of the spatial tuning analysis are provided in the Experimental Procedures. There were no differences in the directional tuning measures between the two monkeys. The preferred direction was provided by the optimum direction (F) parameter. The preferred tuning directions of the spiking activity and LFP responses in the memory-guided saccade and visual search tasks were compared by taking the angle difference between the two measures. Angle differences can range from À180
to +180 . Figure 8 shows the distributions of angle differences between the preferred target directions of the LFPs and spikes for the memoryguided saccade and visual search tasks ( Figures 8A and 8B) , and between the preferred target directions obtained from the memory-guide saccade and visual search tasks for spikes and LFPs ( Figures 8C and 8D ). All the distributions are peaked near 0 (Rayleigh test, p < 0.001). An analysis that measures the correlation between two circular variables (Mardia and Jupp, 2000) showed that there were strong correlations between the preferred directions obtained from LFPs and spikes in the memory-guided saccade task ( Figure 8A ; p < 10
À9
) and in the visual search task ( Figure 8B ; p = 0.001). There were also strong correlations between the preferred directions obtained across the two tasks for both spikes ( Figure 8C ; p < 10
À8
) and LFPs ( Figure 8D , p = 0.001). In summary, there were overall strong correlations between the directional tuning of the LFP and spike response The symbols representing the different times are the same as in Figure 6 . The visual response latencies and selection times across all recording sites are sorted by increasing LFP visual response latency. Each of the data points plots the average for a group of eight sorted recording sites. Consecutive data points represent the average of eight recording sites after shifting the averaging window by one. The statistical comparisons are shown at the top (large symbols). The averages ± SE of the response latencies and selection times are plotted after dividing the recording sites into two groups based on LFP visual response latency. The recording sites with LFP visual response latencies between 48-55 ms were assigned to the ''early'' group (n = 22; LFP visual response latencies = 51.7 ± 0.5 ms; spike visual response latencies = 65.0 ± 3.3 ms; spike selection times = 109.5 ± 4.7 ms; LFP selection times = 145.4 ± 6.9 ms), and recording sites with visual response latencies between 56-67 ms to the ''late'' group (n = 21; LFP visual response latencies = 61.5 ± 0.8 ms; spike visual response latencies = 79.0 ± 2.9 ms; spike selection times = 126.3 ± 6.6 ms; LFP selection times = 141.5 ± 7.6 ms).
Figure 8. Comparisons of Spatial Tuning in Spiking Activity and LFP Responses Recorded in the Memory-Guided Saccade and Covert Visual Search Tasks
(A-D) The distributions of the differences in the preferred target directions measured from the spiking activity and LFP responses for the recording sites that exhibited significant spatial tuning in the spiking activity. LFP responses exhibited significant spatial tuning at all 43 recording sites in both the memory-guided saccade and the covert visual search tasks. Angle differences can range from À180 to +180 . All of the distributions are peaked near 0 (Rayleigh test, p < 0.001). A circular correlation analysis (Mardia and Jupp, 2000) showed that the preferred target directions are significantly correlated between (A) LFPs and spikes recorded in the memory-guided saccade task (n = 42; p < 10 À9 ); (B) LFPs and spikes recorded in the covert visual search tasks (n = 38; p = 0.001); (C) spikes recorded in the memory-guided saccade task and spikes recorded in the covert visual search tasks (n = 37; p < 10 for spiking activity, and 44.7 ± 3.3 for LFP responses (paired t test, p < 10 À4 ).
fields across the memory-guided saccade task, in which a visual stimulus is presented alone, and the covert visual search tasks, in which the target must be identified among distractors. The tuning widths of the LFP and spike response fields were estimated by the standard deviation (T 4 ) parameter of the best-fit Gaussian curves. The distributions of tuning widths (in polar angle coordinates) for the single visual stimulus in the memory-guided saccade task, and for the target among distractors in the search tasks, are shown in Figures 8E and 8F , respectively. For the memory-guided saccade task, the average response field width is 38.7 ± 3.7 for spiking activity, and 64.0 ± 3.0 for LFP responses. For the visual search tasks, the average response field width is 26.5 ± 2.6 for spiking activity, and 44.7 ± 3.3 for LFP responses. The results of an ANOVA showed that LFP tuning widths were significantly larger than spike tuning widths (p < 0.001), and the tuning widths of responses in the memory-guided saccade task were significantly larger than those in the visual search task (p < 0.001). When converted to visual field angles according to the law of cosines, the width of receptive fields for a single visual stimulus alone averaged 6.5 ± 0.4 for spikes and 10.4 ± 0.4 for LFPs, and receptive fields in the visual search task averaged 4.6 ± 0.4 for spikes and 7.4 ± 0.5 for LFPs. The sizes of receptive fields of the spiking activity and the narrower spatial tuning in the visual search task (as compared with that of single targets) are similar to previous reports that used comparable methods (Schall et al., 1995a; Schall et al., 2004) .
DISCUSSION
We show that LFPs in FEF exhibit visually evoked responses that are spatially selective; they identify the location of a target presented alone in a memory-guided saccade task, and identify the location of a behaviorally important stimulus during covert visual search in the absence of eye movements. We compared the LFP responses to the single-unit activity recorded concurrently on the same electrodes (Thompson et al., 2005b) . In the covert visual search task, both the LFPs and spikes exhibited a shortlatency, spatially nonselective visual response followed by a selective response that identified the location of the behaviorally relevant stimulus that instructed the monkey to manually turn a lever to the left or right. The spatial selectivity for the behaviorally relevant target in the visual search task appeared in the spiking activity before the LFP response. This result is especially intriguing because it suggests that a cognitive representation identifying the location of behaviorally important visual stimuli is computed in the FEF from spatially nonselective inputs (Thompson and Bichot, 2005; Thompson et al., 2005a) .
The spatial tuning for target location was consistent across tasks and across LFPs and spikes at each recording site, but was generally broader in the LFP signal than in the spikes. Previous spike versus LFP comparisons either used full-field visual stimulation (e.g., Chen et al., 2007; Logothetis et al., 2001) or placed visual stimuli based on the spatial extent of the spike receptive fields (Fries et al., 2001; Liu and Newsome, 2006; Pesaran et al., 2002) . We are not aware of any study that compared the spatial extent of visual responses of LFPs with that of spikes recorded on the same electrode. But the broader spatial tuning in LFPs as compared with that of spikes is consistent with the view that LFPs reflect synaptic activity over a larger area of cortex than is reflected in the spiking output of a few localized neurons (Kreiman et al., 2006; Liu and Newsome, 2006; Logothetis et al., 2007; Logothetis and Wandell, 2004; Mitzdorf, 1985 Mitzdorf, , 1987 . Nevertheless, the overall strong correlations of spatial tuning between the LFP responses and spiking activity when a target was presented alone and when presented among distractors indicate that the LFP and spike signals originate from the same region of FEF.
In a recent study, Buschman and Miller (2007) compared the time course of spatially selective spiking activity recorded simultaneously in FEF and the LIP, an area that is interconnected with FEF, in monkeys performing visual search tasks. Their results suggest that spatial attention signals appear first in the FEF during top-down attention and first in LIP during bottom-up attention. The implication is that visually driven attention signals flow from LIP to FEF and cognitively driven attention signals flow from FEF to LIP. Although simultaneous spike recordings can be used to compare signals in interconnected areas, this experimental method does not address whether or how different brain areas influence each other or how synaptic inputs are transformed into spiking outputs in a given area. In addition, the results of Buschman and Miller (2007) have been called into question mainly due to the difficulty in knowing whether the neurons recorded in LIP and FEF in that study were those that received input from or influenced activity in the other brain area . The combined LFP-spike analysis described in this study may be able to address some of these unresolved issues.
Combined analysis of LFP and spiking activity can provide information about computations that cannot be obtained when these signals are considered separately (Kreiman et al., 2006; Nielsen et al., 2006) . In the cerebral cortex, there is strong evidence that the LFP is a mass signal that is primarily influenced by the excitatory postsynaptic potentials (EPSPs) of dendrites (Chen et al., 2007; Cruikshank et al., 2002; Juergens et al., 1999; Kaur et al., 2004; Kreiman et al., 2006; Logothetis and Wandell, 2004; Mitzdorf, 1985 Mitzdorf, , 1987 Nielsen et al., 2006) , and thus reflects inputs from other brain regions as well as local neural processes mediated by interneurons. Spiking activity reflects local processing and the long range outputs of neurons to other brain regions. Simultaneous LFP and spike recordings provide a way to compare the dendritic input with the spiking output, which is required to understand the transformation of neural signals from one processing stage to the next. In general, brain areas where cognitive functions are computed should show response modulations in the spiking activity of single units before they appear in the LFP-whereas the brain areas that receive this information from other areas should show response modulations first in the LFP, or simultaneously in the LFP and spiking activity (Nielsen et al., 2006) . In this study, we specifically examined the transformation of a nonselective visual representation of items in a search array into a cognitive signal that identifies the location of the behaviorally relevant target stimulus.
The FEF is an important site of convergence in the visual system (Jouve et al., 1998; Schall, 1997; Schall et al., 1995b; Vezoli et al., 2004) . The FEF receives retinotopically organized input from dorsal stream visual areas MT, MST, and LIP; ventral stream visual areas V4, TEO, and TE; and from the supplementary eye field and prefrontal areas 46 and 12. The dorsal stream innervation is most likely responsible for the fast nonselective initial visual responses we measured in the LFP and spikes (Bisley et al., 2004; Chen et al., 2007; Pouget et al., 2005; Schmolesky et al., 1998) . The latencies of the initial visually evoked LFP and spike responses were correlated, appearing in the LFP signals about 15 ms before the spikes in the visual search tasks, and about 10 ms before the spikes in the memory-guided saccade task. At the recording sites with the earliest spike latencies, the LFP latency was about 2 ms earlier. The earlier visually evoked modulation in the LFP is consistent with studies in visual cortex (Logothetis et al., 2001; Schroeder et al., 1998) , and with the hypothesis that the LFP signal reflects synaptic input and indicates that the initial visual response was relayed to the FEF from other brain areas.
The reverse temporal relationship was found in the visual search data when we compared the time course of spatial selectivity in the LFP response with spiking activity. Following the initial nonselective visual response, a spatially selective signal identifying the location of the search array target emerged first in the spiking activity, and then in the LFP signal about 30 ms later. The earlier spatially selective signal in the spiking activity suggests that the representation of the location of the behaviorally relevant target stimulus is computed within the FEF rather than relayed from other brain areas.
The alternative interpretation is that some modulations in synaptic activity cannot be detected in event-related LFPs using the methods we employed in this study. It is possible that FEF generates the strong spatially selective spiking signals by amplifying weak differences in the synaptic inputs. Although the exact nature of the input signals to FEF is currently unknown, they must contain information about the visual stimuli, and differences between them. Our results suggest that computations in FEF convert these differences into a strong categorical representation identifying the target location, regardless of the visual feature that differentiates the target from distractors. Consistent with this view, in our study we used two different classes of visual features, color and shape, and we obtained the same results.
The recording sites with the earliest LFP visual response latencies tended to have the earliest spatial selection times in the spiking activity. In dorsal stream visual areas of monkey cortex, LFPs recorded in lamina 4 have the shortest visual response latencies due to feedforward input from lower areas (Chen et al., 2007; Schroeder et al., 1998) . We therefore made the reasonable assumption that the FEF recording sites with the earliest LFP visual response latencies were functionally closer to the feedforward inputs. Although we cannot identify the cortical layers we were recording from, the results depicted in Figure 7 suggest that spatial selectivity in FEF originates first in neurons near the feedforward input and then is distributed to the functionally more distant regions in FEF via local connections or feedback from other areas. Consistent with this view, at the recording sites with the latest LFP visual response latencies, the selection times measured in the LFP and spikes did not differ significantly. The results reported here provide evidence for such a functional architecture, though further studies are needed to test this hypothesis in greater detail.
Our results suggest that spatial selectivity during a pop-out covert visual task is generated in FEF from spatially nonselective inputs. A few studies have examined the relationships between LFP and spiking responses in other areas. In area MT, for example, Liu and Newsome (2006) found that tuning for motion direction and speed in LFP responses is highly correlated with that of spike activity. In inferotemporal (IT) cortex, Kreiman et al. (2006) showed a simultaneous time course of object selectivity in LFP responses and spiking activity. A study by Nielsen et al. (2006) showed that spikes and LFPs in IT exhibited learned object selectivity, and that the modulation of LFP responses, but not spiking activity, grew stronger from posterior to anterior IT. Because LFP modulation reflects the synaptic input, they concluded that learned object selectivity was encoded first in posterior IT and then transmitted to anterior IT. Only one study, conducted in area V4, has compared the spatial selection process measured in LFPs and spikes during visual search . In that study, spatially selective responses appeared in the LFP and spikes at the same time. Although it was not specifically addressed in that study, the simultaneous modulation in LFP and spikes suggests that the spatial selectivity was present in the inputs.
The combined analysis of LFPs and spikes promises to provide useful information for understanding computations in the brain. Also, LFPs recorded in monkeys can be an important link between monkey single-unit data and human EEG and imaging data (Logothetis and Wandell, 2004; Woodman et al., 2007) . For example, the spatially selective LFP response we report could be related to the attention-related modulations observed in human EEG recordings during visual search (Luck and Hillyard, 1994) . Single units, LFPs, and EEG recordings provide high temporal resolution. It is more difficult, however, to localize the source of the computations reflected in EEG recordings than in the other two signals. EEGs recorded from scalp electrodes reflect the postsynaptic potentials summed over a large region of the brain that could include many areas that are related to spatial vision. The FEF is just one of the potential sources of the spatially selective signals necessary for spatial attention (Pessoa et al., 2003; Serences and Yantis, 2006) . Further work is needed to determine the relationships between LFPs and spikes within and between the many regions of the brain involved in spatial attention.
EXPERIMENTAL PROCEDURES Data Collection
The data were collected from two male monkeys (Macaca mulatta) weighing 8 kg (monkey S) and 6.5 kg (monkey C). All surgical and experimental protocols were approved by the National Eye Institute Animal Care and Use Committee and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
The surgical procedures, behavioral control, and visual stimulation techniques have been described previously (Thompson et al., 2005b) . The single-unit spiking activity analyzed in this study is the same as in the previous study (Thompson et al., 2005b) . Often two or three units were recorded simultaneously on one electrode and sorted offline. For this study, all the single units recorded at each site were combined to represent the overall spiking activity at each recording site.
The LFPs were recorded simultaneously on the same glass-insulated tungsten electrodes as the spikes using a Plexon data acquisition system (Plexon Inc.). The impedance of the head-stage was 40 MU at 1 kHz. Electrode impedance ranged from 0.5 to 1.5 MU. A stainless steel guide tube resting on the surface of the dura served as the reference. The signals were amplified and filtered between 154 Hz and 8.8 kHz to obtain spike data. LFP signals were digitized and sampled at 1 kHz after filtering the electrode signal between 3 Hz and 88 Hz. Analog eye position and lever position signals were digitized and sampled at 1 kHz. A test of the effects of the LFP signal filtering is provided in the Supplemental Data (see Figure S2 available online). This test showed that signal distortions from the data acquisition system did not affect the results.
Behavioral Tasks
At each recording site monkeys performed a memory-guided saccade task ( Figure 1A ) and one of two visual search tasks ( Figure 1B ) in separate blocks of trials as described in a previous report (Thompson et al., 2005b) . In the memory-guided saccade task, after the monkey fixated on a 0.3 diameter gray spot for 400-800 ms, an identical gray spot was flashed for 50 ms at one of six or eight isoeccentric peripheral target locations spaced equally around the central fixation spot. The eccentricity was adjusted so that at least one of the stimulus locations was inside the receptive field of the neuron being recorded. The eccentricities of the stimuli ranged between 8 and 12 across recording sessions, depending on receptive field location. Monkeys were required to maintain fixation on the central fixation spot for a random period ranging from 800 to 1400 ms. After the fixation spot disappeared, the monkeys were rewarded for making a saccade to the remembered target location. In the covert visual search tasks, monkeys initiated a trial by grasping a lever and holding it in a vertical position. Once the lever was within 10 of vertical, a small central yellow fixation cross (0.3 ) appeared. After fixating the cross for 400 to 800 ms, a search array appeared that was made up of a target randomly placed at one of the locations used in the memory-guided saccade task and distractors at the remaining locations. Each of the search array stimuli subtended 1.5 of visual angle. The monkeys were rewarded for maintaining fixation on the central cross and making the correct lever turn (>15 from vertical) within 2 s after search array presentation; in practice, the monkeys nearly always turned the lever to the physical limit of 35 from vertical. If the monkey broke fixation on the central cross, released the lever, or made an incorrect lever turn the trial was aborted immediately. The reward was given after a correct lever turn; however, the search array remained on for an additional 250-500 ms to probe for latent saccade plans. The monkeys did not tend to make saccades to the target of the search array after obtaining the reward (Thompson et al., 2005b) . Monkey S was trained to report the location of the color singleton target of the search array ( Figure 1B, upper) . The stimuli were isoluminant green and red discs. The target could be either green or red, but within a block of trials the color of the target and distractors did not change. The singleton target appeared randomly at one of six stimulus locations, three to the left and three to the right of the fixation cross. A correct response was a lever turn to the left or right corresponding to the location of the target stimulus relative to the fixation cross.
Monkey C was trained to report the orientation of a C among O distractors ( Figure 1B, lower) . The stimuli were gray rings with one of them having a 0.5 gap randomly on the left or right. The C target appeared randomly at one of eight locations positioned around the fixation cross. A correct response was a lever turn to the left or right corresponding to the location of the gap in the C target regardless of its location in the search array.
Data Analysis
The LFP signal is a continuous measure of brain activity. A comparable measure of spiking activity was obtained by convolving each spike with a function that resembles an EPSP (Thompson et al., 1996) . With this method, each spike exerts influence only forward in time and represents the postsynaptic consequences of spiking activity. The resulting spike density function reflects the onset of spiking activity at a 1 ms time resolution and is comparable to the onset of activity measured in the LFP signal. Examples of the EPSP spike density functions are shown in Figure 2A . Below we describe the analytical methods used to determine the time course of visual activation and spatial selection, and characterize the spatial tuning of spiking activity and LFP responses recorded during the memory-guided saccade and covert visual search tasks.
Selection Time
The time course of spatial selectivity in the LFP and spiking activity was determined with an ANOVA at each millisecond following the target flash in the memory-guided saccade task and the presentation of the search array in the visual search tasks (Figure 2 and Figure 3) . The running ANOVA estimated the probability at each millisecond that the response did not vary across target locations. Figure 2 and Figure 3 illustrate the time course analysis for the spiking activity (Figure 2 ) and the LFP response (Figure 3 ) recorded concurrently at a single site. The selection times of the spiking activity and the LFP response were determined separately and were defined as the first millisecond that the p value dropped below the 0.05 level before continuing past the 0.001 level and remaining below the 0.05 level for more than 20 of the next 25 ms. To obtain the earliest possible selection times, a threshold of p = 0.05 was used. However, a threshold of p = 0.01 did not alter the temporal relationship between the selection times of the LFP and spiking activity. Again, the important point is that the same statistical analysis and threshold was used to determine selection times in the LFP and spiking activity in the memory-guided saccade task and in the visual search task. In Figure 2D and Figure 3D , p values obtained from the running ANOVA are plotted as a function of time on a log axis from 1 to 10 À10 for spikes ( Figure 2D ) and LFPs ( Figure 3D ) recorded concurrently at a single site during the memory-guided saccade task (left) and the visual search task (right).
It is important to note that selection time measured in the memory-guided saccade task is qualitatively different from that measured in the visual search task. In the memory-guided saccade task, a single target stimulus is presented alone and evokes a different initial response across target locations. Therefore, selection time in the memory-guided saccade task corresponds to the initial visual response latency to a single visual stimulus. In the visual search task, however, selection time measures the first time that the responses to the target of the search array are different from the responses to the distractors. As previously shown for spiking activity (Thompson et al., 1996) , and as we now demonstrate for LFPs, the initial visually evoked responses in FEF during visual search do not distinguish the target from the distractors. Therefore we used a different method to determine visual response latency in the visual search task. Visual Response Latency during Visual Search Figure 4 illustrates how we measured the initial visual response latencies of the spiking activity and the LFP response recorded simultaneously during the visual search task. A paired t test was performed across all correct trials comparing the average activity during the 50 ms preceding the appearance of the search array on each trial to the activity at each millisecond following the appearance of the search array. Reliable results were obtained when the visual response latency was defined as the first time that the p value dropped below the 0.01 level, but only if it continued past the 0.001 level and remained below the 0.01 level for more than 20 of the next 25 ms. When the p value threshold was 0.05, the results were about the same, except that the results from a few of the recording sites were obviously false. Therefore, a more strict threshold of p = 0.01 was used to determine visual response latency, as opposed to the less strict value used to determine selection time (above). The important point is that the same threshold was used for determining visual response latencies in the LFP and spiking activity recording during the visual search task. Spatial Tuning To describe the variation in the spiking and LFP responses with the location of the singleton target, the response averaged over a time interval was fit with a Gaussian function of the form Að4Þ = B + R,exp À 1=2½ð4 À FÞ=T 4 2 ;
where activation (A) as a function of meridional direction (4) depends on the baseline response (B), peak response (R), optimum direction (F), and tuning width (T 4 ). Previous reports have shown that this function effectively characterizes the spatial pattern of FEF spiking activity (Bruce and Goldberg, 1985; Schall et al., 1995a Schall et al., , 2004 . The best-fit Gaussian curve was obtained for the average activity measured over a time range following visual stimulus presentation. For spiking activity, the time range was from 50 ms to 300 ms for the memory-guided saccade task, and from 100 ms to 300 ms for the visual search task. These time intervals were used because they encompassed the period of spatial selectivity observed across the data (Thompson et al., 2005b) . For the LFP response in the memory-guided saccade task, the time range was from 100 ms to 200 ms because this interval encompassed a strong, spatially selective, negativegoing deflection observed across all the LFP recordings (see Figure 3C , left panel). For the LFP response in the visual search task, it was necessary to determine the appropriate time interval individually for the different recording sites. This is because a spatially selective response could emerge in a positive or a negative difference in the LFP signal. Therefore, to determine the spatial tuning of the LFP signal, we made the reasonable assumption that the preferred direction was in the visual hemifield contralateral to the brain hemisphere in which the LFP signals were recorded. In some of the LFP recordings, spatial tuning was evident in positive tuning during one time interval and in negative tuning during another time interval that was separated by a nonselective period during which time the polarity of the spatial tuning switched (see Figure S1 ). The time interval we used for determining the directional tuning was the interval that exhibited the strongest spatial selectivity in the running ANOVA analysis described above because it was most reliable. In the Supplemental Data we show that the spatial tuning during the two time intervals was essentially the same across the population (see Figure S1 ). For the recording site shown in Figure 3 , the strongest spatial selectivity was in the interval between 180 and 300 ms ( Figures 3C and 3D) , and during this interval the preferred direction corresponded to the most negative LFP signal ( Figure 3E ).
SUPPLEMENTAL DATA
The Supplemental Data for this article can be found online at http://www. neuron.org/cgi/content/full/57/4/614/DC1/.
